r Hydrocortisone (HC) is required for activation of large-conductance Ca 2+ -activated K + current (BK) by purinergic receptor agonists.
Introduction
An important component of airway host-defense involves the process of trapping and removing inspired material through mucociliary clearance (MCC) (Rubin, 2002) . Mucins secreted by airway goblet cells form a viscous hydrogel that rests on the airway surface liquid (ASL). Regulated transepithelial ion transport supports this process by maintaining the depth of the ASL. This is accomplished by coordinating sodium absorption, mediated by apical epithelial sodium channels (ENaC) with anion secretion to maintain surface hydration. The importance of salt and water transport in MCC is emphasized in cystic fibrosis, where the absence of chloride secretion due to mutation of the cystic fibrosis transmembrane conductance regulator (CFTR) and enhanced ENaC-dependent Na + absorption reduces the depth of the ASL leading to mucus stasis and chronic respiratory infection (Verkman et al. 2003) . Moreover, recent studies have revealed the contribution of large-conductance calcium-activated K + channels (K Ca 1.1, BK) to the maintenance of ASL depth (Manzanares et al. 2011) .
BK channels are ubiquitously expressed in many different tissues and are critical to numerous physiological processes, including regulation of vascular tone, neuronal excitability, synaptic transmission and hormone secretion (Burdyga & Wray, 2005; Wang, 2008; Sachse et al. 2014; Duncan & Shipston, 2016; Whitt et al. 2016) . Allosteric activation of BK occurs in response to elevated intracellular [Ca 2+ ] as well as membrane depolarization, the only K + channel that possess both characteristics. BK channels are composed of a homotetramer of α-subunits combined with auxiliary β-and γ-subunits that are expressed in a tissue-dependent manner (Shen et al. 1994; Kis et al. 2016) . These auxiliary subunits tune the biophysical properties of BK channels by modifying Ca 2+ and voltage sensitivity, permitting diverse biologic utility of BK's large single channel conductance (100-300 pS) (Kyle & Braun, 2014) . For example, γ-subunits belonging to the leucine-rich repeat-containing (LRRC) protein family are expressed in non-excitable cells and shift the voltage-dependent activation of the channel to less depolarized potentials (Yan & Aldrich, 2010) .
Additionally, BK subunits are subjected to numerous post-transcriptional and post-translation modifications that further modify channel activity (Shipston & Tian, 2016) . Phosphorylation of the α-subunit by various protein kinases has been well studied in a variety of tissues. In vascular smooth muscle and in neurons, PKA and PKG-mediated phosphorylation synergistically stimulate BK activity (Kyle et al. 2013) . In contrast, phosphorylation by PKC was shown to inhibit PKA and PKG-mediated channel regulation in smooth muscle cells that express an α-subunit splice variant containing the stress-regulated exon (STREX) (Zhou et al. 2010 . Furthermore, STREX channels exhibited complete resistance to PKC-mediated channel inhibition probably due to conformation changes conferred by the addition of the STREX region which block the PKC site at S700 . However, PKC-dependent phosphorylation also stimulates channel activity as demonstrated by transfection of HEK293 cells with BK α-subunits containing a phospho-null mutation at S1076, which attenuated phorbol ester-induced BK activation (Zhu et al. 2009 ). The interplay of differential phosphorylation at multiple sites by multiple kinases underscores a complex regulatory network employed by cells to limit unwarranted BK activation.
BK activity in airway epithelial cells is required for proper MCC. Knockdown of BKα (KCNMA1) transcripts, or constitutive channel inhibition was shown to decrease ASL volume in freshly isolated bronchial epithelial cells (Manzanares et al. 2011) . The reduced depth of the periciliary fluid layer decreased ciliary beat frequency, which could be fully restored by the addition of apical fluid. An important consequence of reduced ciliary beating and ASL volume is impaired mucus clearance, which is observed in certain airway diseases including CF, asthma and COPD (Jansen et al. 1995; Livraghi & Randell, 2007; Bhowmik et al. 2009; Boon et al. 2014; Brune et al. 2015) . Apical K + secretion mediated by BK also increases and sustains Cl − efflux following purinergic receptor stimulation and provides additional solute to increase the osmotic gradient necessary for airway hydration. The enhanced exit of Cl − across the apical membrane is a consequence of the hyperpolarizing effects of BK-mediated K + efflux which increases the driving force for Cl − secretion (Manzanares et al. 2011) . Furthermore, mediators of airway inflammation, like IFN-γ and TGF-β, suppress BK activity resulting in the depletion of ASL volume. This effect is the result of down-regulation of the LRRC26 subunit without altering the surface expression of BKα subunits. These findings highlight an important indirect role of LRRC26 as an essential regulator of BK channel function and in modulating ASL volume under normal physiological conditions (Manzanares et al. 2014 (Manzanares et al. , 2015 .
Our recently published results demonstrated the influence of glucocorticoids (hydrocortisone (HC)) on the establishment and maintenance of ion transport properties of human bronchial epithelium during mucociliary differentiation (Zaidman et al. 2016) . Normal human bronchial epithelial (NHBE) cells differentiated in the absence of HC displayed significantly less benzamil-sensitive Na + absorption and a reduced short circuit current (I SC ) response after stimulation with the selective β 2 -adrenergic receptor agonist salbutamol. In the present study, we investigated the effects of HC on purinergic receptor-stimulated ion transport in differentiated bronchial epithelial cells. The results of this study established a significant and necessary role for glucocorticoids in the regulation of BK channel function within the apical membrane during differentiation and highlighted a previously uncharacterized role for glucocorticoid treatment in MCC.
Methods

Materials
Retinoic acid (RA), benzamil hydrochloride, CFTRinh-172, phorbol 12-myristate 13-acetate (PMA), 4,4 -diisothiocyanatostilbene-2,2 -disulfonic acid disodium salt hydrate (DIDS), adenosine 5 -[γ-thio]triphosphate tetralithium salt (ATP-γ-S), adenosine triphosphate (ATP) and uridine triphosphate (UTP) were purchased from Sigma-Aldrich Chemical (St Louis, MO, USA). NS11021, CaCCinh-AO1, GF109203x, and Gö6983 were purchased from Tocris (Bristol, UK). Paraformaldehyde, 16% solution, was purchased from VWR (Radnor, PA, USA). Normal human bronchial epithelial (NHBE) cells, BEGM and additional SingleQuot media supplement kits were purchased from Lonza (Basel, Switzerland).
Cell culture
NHBE cells were grown and differentiated as previously reported (Zaidman et al. 2016) . Briefly, cells were expanded in bronchial epithelial cell growth medium (BEGM + SingleQuots containing 1.4 μM HC) and plated at low density on Snapwell polyester membranes and maintained under liquid-liquid interface growth conditions with complete BEGM until cells reached confluence (day 0). HC (1.4 μM) was withdrawn from HC0 cells at day 0. RA (500 nM) was added to BEGM for 48 h to promote differentiation. Air-liquid interface (ALI) culture was initiated at day 2 by removal of apical medium, and basolateral growth medium was replaced with differentiation medium (DMEM/Ham's F12 + SingleQuots) containing 100 nM RA. All cells were grown at 37°C in a humidified CO 2 atmosphere.
Quantitative RT-PCR
RNA was isolated from differentiated NHBE cells using the RNeasy Mini Kit (Qiagen, Hilden, Germany). RT-PCR was performed as previously reported (Zaidman et al. 2016) . Briefly, cDNA was produced with the QuantiTect reverse transcription kit containing gDNA Wipeout (Qiagen). TaqMan PCR probes were purchased from Life Technologies (Thermo Fisher Scientific, Waltham, MA, USA). Specific TaqMan assays are listed in Table 1 . Quantitative PCR amplification of 5 ng cDNA was performed on a real-time PCR system (model 7300, Applied Biosystems). Baseline and threshold values were set according to manufacturer's instructions. Relative expression was quantified using the comparative threshold cycle (2 − Ct ) method. GAPDH expression was used as the reference gene.
Immunofluorescence and Western blot analysis
NHBE cells grown on Snapwell polyester membranes were fixed in 4% paraformaldehyde for 20 min, as previously described (Zaidman et al. 2016) . Cell membranes were permeated with 0.3% Triton X-100 and then blocked with a 3% BSA solution for ࣙ1 h. Cells were incubated overnight at 4°C with the primary antibody diluted in BSA solution. After incubation, cells were rinsed three times in PBS and incubated with the secondary antibody for 1 h at room temperature. Nuclei were stained with 4 ,6-diamidino-2-phenylindole (DAPI). Monolayers were excised and mounted on microscope slides with VECATSHIELD HardSet mounting medium (Vector Laboratories, Burlingame, CA, USA). Images were captured from an Olympus FV1000 confocal microscope. The primary antibodies targeting maxi-K + channel alpha (K Ca 1.1, BKα) (ab99046) (Hou et al. 2016) , epithelial Na + channel α-subunit (ENaCα) (ab65710) (Ruan et al. 2012) , acetylated α-tubulin (ab24610) (Stoetzel et al. 2016) , P2Y 4 receptor (ab140857), and TMEM16a (ab53212) (Dutta et al. 2011) were purchased from Abcam (Cambridge, UK) and P2Y 2 receptor (sc-15209) was purchased from Santa Cruz Biotechnology (Dallas, TX, USA); the secondary antibodies Alexa Fluor 488, 568, and 647 were purchased from Invitrogen (Carlsbad, CA, USA).
Total protein was collected using Pierce immunoprecipitation lysis buffer and quantified with the Pierce J Physiol 595.14 bicinchoninic acid protein assay kit (Thermo Fisher Scientific). Ten or 25 ng of total protein were loaded on NuPAGE 4-12% Bis-Tris gels with Chameleon Duoprestained protein ladder (Li-Cor Biosciences, Lincoln, NE, USA) and separated using electrophoresis in MOPS SDS buffer (200 V, 50 min). Proteins were transferred to activate Immobilon-FL polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA) and blocked in Odyssey blocking buffer overnight at 4°C (Li-Cor Biosciences). Primary antibodies were diluted in Odyssey blocking buffer containing 0.2% Tween 20 and incubated for 1 h at room temperature, washed five times in PBS + 0.1% Tween 20, and then incubated with IRDye secondary antibodies diluted in Odyssey blocking buffer for 40 min. Blots were visualized with an Odyssey CLx imager and analysed using Image Studio Lite (Li-Cor Biosciences). Primary antibodies targeting PKCα (ab32376) , PKCδ (ab182126) (Slusarczyk et al. 2016) , PKCε (ab114020), BKβ3 (ab137041), and BKβ4 (ab105587) (Myrick et al. 2015) were purchased from Abcam. LRRC26 (sc-102015) and β-Actin (sc-69879) (Lopez-Mateo et al. 2016 ) primary antibodies were purchased from Santa Cruz Biotechnology. Intensity of each immunoreactive band was quantified by densitometry analysis using Image J. Bands were normalized to β-actin and reported as percentage of the reference time point (day 8) in control cells.
Electrophysiology
Short-circuit current (I SC ) was measured on highresistance (>700 cm 2 ) monolayers grown on 12 mm Snapwell polyester membranes (area 113 mm 2 ) mounted in Ussing chambers. NHBE epithelia were bathed on both sides with standard saline solution containing (in mM) 130 NaCl, 6 KCl, 1.5 CaCl 2 , 1 MgCl 2 , 20 NaHCO 3 , 0.3 NaH 2 PO 4 , and 1.3 Na 2 HPO 4 , pH 7.4, and maintained at 37°C with 95% O 2 -5% CO 2 . Note that UTP-evoked decreases in Isc shown in Figs 1, 3 and 4 reflect an increase in transepithelial K + secretion.
[Ca 2+ ] i measurements
Differentiated NHBE epithelia were washed with HBSS containing 10 mM Hepes buffer, pH 7.4. Cells were loaded with Fura-2-AM for 1 h then washed in HBSS and mounted onto the stage of a Nikon Diaphot inverted microscope. Fluorescence was visualized using a Nikon UV-fluor 20× objective. Excitation (340 nm/380 nm), image acquisition and data analyses were performed using Image-1 MetaMorph software. [Ca 2+ ] i was measured as the ratio of fluorescence emitted at 510 nm when the cells were alternately excited at 340 nm and 380 nm (F 340 /F 380 ).
Statistics
For quantitative RT-PCR experiments (Figs 2, 3 and 5) and
I SC measurements in Fig. 1 , significant differences between day 8 differentiated epithelia were determined using Student's t test. In Figs 3, 4 and 5, significant differences between I SC measurements were determined by ANOVA followed by a Tukey-Kramer multiple-comparisons test. P < 0.05 was considered significant.
Results
Paxilline-sensitive I SC is HC dependent in differentiated epithelia
Differentiated NHBE cells were mounted in Ussing chambers and pretreated with benzamil and CFTR inh -172 to inhibit basal Na + absorption and anion secretion through ENaC and CFTR, respectively. The mean transepithelial resistance (TER) was >700 cm 2 for all epithelia after 1 week of ALI culture. Control cells stimulated by apical addition of 20 μM uridine-5ʹ-triphosphate (UTP) exhibited a rapid change in I SC followed by a similarly rapid return and overshoot of the basal current (Fig. 1A) . Addition of the calcium-activated chloride channel inhibitor AO1 (CaCC inh -AO1) decreased I SC after stimulation with UTP. Pretreatment with paxilline, a selective blocker of high-conductance Ca 2+ -activated K + channels (K Ca 1.1, BK) (Zhou & Lingle, 2014) , abolished the rapid I SC response immediately after stimulation with UTP (Fig. 1B) . Pretreatment with TRAM34, a selective blocker of intermediate-conductance Ca 2+ -activated K + channels (K Ca 3.1, IK), had no effect on I SC (data not shown). In contrast, HC0 cells stimulated by apical addition of UTP exhibited only an increase in I SC (Fig. 1C ) and pretreatment with paxilline had no effect on the current (Fig. 1D ). The coupled K + and Cl − currents observed in the present work are very similar to adrenaline-induced BK activation in the colon (Sorensen et al. 2010) . Furthermore, the enhanced CaCC inh -Ano1-sensitive current following inhibition of BK channel activity is consistent with the results of this earlier study in colonic epithelium. Control and HC0 cells exhibited a similar increase in [Ca 2+ ] i after stimulation with UTP as determined by Fura2-AM imaging (Fig. 1F ). This result indicated that purinergic receptor signalling in HC0 cells was intact and suggested that the absence of paxilline-sensitive I SC was due to a more direct effect on BK channel function.
Control and HC0 epithelia express BK subunits
We investigated the hypothesis that reduced transcription of BK mRNAs may have been responsible for the absence of BK channel function in HC0 cells. qRT-PCR analysis of BK channel subunit mRNA expression revealed significantly reduced levels of KCNMA1 (BKα), KCNMB4 (BKβ 4 ), and LRRC26 (a γ-subunit that dramatically shifts the voltage dependence of BK channels) in HC0 cells compared to controls (Fig. 2A) . NHBE cells did not exhibit detectable expression of KCNMB1 or KCNMB2 transcripts. Although decreases in BK subunit mRNA expression were observed, subunit proteins were still detected in control and HC0 epithelia (Fig. 2B) . However, no protein was detected for BKβ 4 . Immunocytochemistry revealed the localization of BKα at both apical and cilia-formed membrane domains (Fig. 2C) . BKα exhibited a similar localization pattern as previously demonstrated for ENaCα and α-tubulin in the cilia of differentiated NHBE cells (Zaidman et al. 2016) . Moreover, BKα was also detected in the apical membrane of surface cells and a similar pattern was observed in HC0 cells. . Paxilline had no effect on the UTP-stimulated I SC in HC0 epithelia (D). E, histogram summarizing peak I SC results represented in A-D. UTP(d) refers to the decrease in I SC after exposure to UTP. UTP(d) PAX refers to a decrease in I SC after exposure to UTP for epithelia pretreated with paxilline (10 μM). Similarly, UTP(i) refers to the increase in I SC after exposure to UTP and UTP(i) PAX indicates UTP evoked increases in I SC following pretreatment with 10 μM paxilline. Statistical significance ( * , P < 0.05) represents difference between similar control and HC0 I SC measurements determined by t tests. F, Fura2-AM F 340 /F 380 ratio of control and HC0 epithelia stimulated with UTP (n = 25 cells).
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Differentiated epithelia have distinct P2YR signalling domains
UTP is a P2Y 2 and P2Y 4 receptor agonist which has previously been shown to stimulate BK-mediated K + secretion in mouse colon (Matos et al. 2005) . However, P2Y 2 but not P2Y 4 receptors are also activated by ATP (Nicholas et al. 1996; Jacobson et al. 2006) . qRT-PCR analysis revealed expression of P2RY2, P2RY4 and P2RY6 mRNA transcripts in differentiated NHBE cells (Fig. 3A) . However, HC0 cells did not express detectable levels of P2RY4 mRNAs. To examine the I SC response following P2Y 2 R activation independently of P2Y 4 R stimulation, epithelia were treated with a non-hydrolysable analogue of ATP (ATP-γ-S) which is known to activate P2Y 2 R (Katzur et al. 1999) . Control and HC0 cells stimulated with UTP exhibited no further change in I SC after addition of ATP-γ-S (Fig. 3B ). This result was consistent with complete activation of P2Y 2 receptors. Control cells stimulated with ATP-γ-S alone exhibited a rapid I SC response consistent with an increase in K + secretion (Fig. 3C) . Addition of UTP after stimulation by ATP-γ-S resulted in a further decrease in I SC , indicating that there are distinct pools of P2Y 2 and P2Y 4 receptors coupled to BK that can be activated by different nucleotide triphosphates. A similar graded response to UTP after ATP-γ-S stimulation was observed in HC0 cells, although the magnitude was significantly reduced (Fig. 3D) . Western blots demonstrated detectable levels of P2Y 2 and P2Y 4 receptors expressed under both conditions (Fig. 3G) , despite undetectable levels of P2RY4 in HC0 epithelia. Immunocytochemistry confirmed distinct localization patterns for P2Y 2 R and P2Y 4 R in differentiated NHBE cells. P2Y 2 co-localized with BKα in the cilia and on the apical membrane of surface cells (Fig. 3H) , whereas P2Y 4 receptors were only detected at the apical membrane and not within the cilia. This result showed that there are both overlapping and unique signalling regions at the apical border of differentiated NHBE surface cells that differentially harbour specific P2Y 2 and P2Y 4 receptors.
The BK activator NS11021 modifies the effect of UTP
Although HC0 epithelia appeared to express the necessary subunits of BK to produce functional channels (Fig. 2) , we were unable to detect BK channel activity following stimulation with UTP or ATP-γ-S. To determine if BK channels in the apical membrane of HC0 cells could be potentially activated independently of purinoceptor stimulation, we treated cells with the small molecule BK activator NS11021. Control cells stimulated with 10 μM NS11021 alone exhibited a decrease in I SC (Fig. 4A ) and this effect was blocked by pretreatment with paxilline ( Fig. 4B) . In contrast, HC0 cells stimulated with NS11021 showed no change in I SC (Fig. 4C) . Control epithelia pretreated with NS11021, then stimulated with UTP displayed a significantly prolonged response, but no difference in magnitude compared to UTP alone (Fig. 4D, F and G) . This result was consistent with NS11021 altering channel gating kinetics in the presence of UTP (Bentzen et al. 2007 ). Interestingly, HC0 epithelia pretreated with NS11021, then stimulated with UTP now displayed a rapid change in I SC . However, the magnitude was significantly less than that observed in control epithelia (Fig. 4F ). This observation suggested that HC0 epithelia express BK in the apical membrane, although endogenous agonists like UTP cannot activate them unless previously primed by the actions of a BK channel opener.
PKC activity is required for UTP-stimulated BK activation
Phosphorylation at consensus sequences within the Cterminus of BKα is known to alter channel activity (Tian et al. 2004; Yan et al. 2008) . We hypothesized that if phosphorylation of BK by PKC was permissive to channel activation, inhibition of PKC activity may abolish paxilline-sensitive currents under control conditions. Pretreatment (20 min) of control epithelia with 500 nM GF109203x, a pan-specific PKC inhibitor with greater selectivity for PKCα and PKCβ1, eliminated the paxilline-sensitive I SC response after stimulation with UTP ( Fig. 5A and B) . UTP stimulation resulted in an increase in I SC that was reduced incrementally by DIDS, then CaCC inh -AO1. Pretreatment with Gö6983, another pan-specific PKC inhibitor, had the same effect as GF109203x, providing additional pharmacological evidence of a role for PKC in BK activation (Fig. 5B) . HC0 epithelia pretreated with either GF109203x or Gö6983 had no effect on UTP-stimulated I SC . Since PKC antagonism abolished BK activation, we examined whether PKC activation by phorbol ester would enhance BK function. However, pretreatment of HC0 epithelia with 100 nM PMA for 2 h had no effect on I SC (Fig. 5C ). Similarly, PMA did not potentiate the stimulatory effects of UTP on control cells. qRT-PCR analysis of specific PKC isoform transcripts revealed significantly reduced expression of PRKCA, PRKCD, and PRKCE transcripts in HC0 epithelia compared to control (Fig. 5D) . However, PKCα, PKCδ, and PKCε protein was still detectable by Western blot in control and HC0 epithelia (5E).
Hydrocortisone reduces STREX-variant KCNMA1 transcription
Alternative exon splicing and subsequent effects on channel phosphorylation represents a fundamental mechanism for controlling BK channel activity. Previous studies have demonstrated PKA-mediated channel inhibition for BK channels expressing the 59-amino acid STREX exon (Tian et al. 2001) . In the final series of experiments, we tested the hypothesis that HC0 epithelia expressed the STREX splice-variant of KCNMA. We designed two qRT-PCR primer-probe sets that target the STREX inclusion site in full-length KCNMA1 (Table 1) . Detection with these primers would demonstrate inclusion of the STREX exon within the α subunit, while KCNMA1 transcripts lacking the STREX region would not be detected. qRT-PCR analysis of differentiated epithelia revealed statistically greater expression of KCNMA1 transcripts containing the STREX exon in HC0 epithelia compared to controls (Fig. 5F ). This result suggested that HC0 epithelia express a greater number of BK channels containing the PKA-regulated STREX exon.
Discussion
Large-conductance, Ca 2+ -activated K + channels (K Ca 1.1, BK) are ubiquitously expressed and support numerous NS11021 (10μM) NS11021 (10μM) NS11021 (10μM) NS11021 (10μM) UTP (20μM) UTP (20μM) UTP (20μM) NS11021 (10μM) UTP (20μM) 
PKC inhibition blocks BK activation by UTP
A, representative I SC trace of control epithelia pretreated (20 min) with 500 nM GF109203x, a pan-specific PKC inhibitor (particularly effective against PKCα and β1), then stimulated with 20 μM UTP (n = 6). Addition of 100 μM DIDS then 50 μM CaCC inh -AO1, each reduced the I SC . B, histogram summarizing the effects of PKC inhibitors GF109203x and Gö6983 on UTP-stimulated I SC . C, histogram summarizing the effects of 2 h pretreatment with 100 nM PMA on UTP-stimulated I SC in control and HC0 epithelia. D, qRT-PCR analysis of PKC isoform mRNAs (n = 6). Statistical significance ( * , P < 0.05) represents differences between relative expression of mRNAs in control and HC0 cells determined by Student's t tests. E, Western blot analysis of PKCα (100%, 94.5%, 94.9%, 94.0%), δ (100%, 106.0%, 99.8%, 94.4%) and ε (100%, 99.7%, 105.5%, 107.9%) in day 8 and day 24 control and HC0 epithelia, respectively. Protein abundance is normalized to β-actin for each sample and expressed as a percentage of control at day 8. F, qRT-PCR analysis of KCNMA1 mRNA expression in control and HC) epithelia (n = 6 for each condition). KCNMA1wt was previously shown in Fig. 2A . STREXi and STREXii refer to two distinct PCR products that contain the STREX exon.
and diverse physiological functions. In an earlier study in mouse distal colon electrogenic K + secretion was blocked by the BK channel inhibitor iberiotoxin and was absent in BKα subunit-deficient mice (Sorensen et al. 2008) . Moreover, luminal expression of BK channels in the mouse colon was shown to be modulated by aldosterone (Sorensen et al. 2008) . More recent studies have revealed BK channel expression within the apical membrane of freshly isolated bronchial epithelial cells where they participate in mucociliary clearance by sustaining the driving force for Cl − efflux across the apical membrane (Manzanares et al. 2011 ). In the present study, I SC measurements confirmed the presence of an ATP/UTP-stimulated-current in differentiated pseudostratified epithelia derived from NHBE cells that was inhibited by the presence of a selective large-conductance Ca 2+ -activated K + channel blocker, paxilline. Previous studies in rat distal colon showed that apical stimulation with P2Y receptor agonists produced a change in transepithelial voltage and Isc that was Ba 2+ sensitive and consistent with stimulation of K + secretion (Kerstan et al. 1998) . Furthermore, subsequent experiments with murine distal colon definitively established that apical UTP or ATP stimulation increased iberiotoxin-sensitive K + secretion and that both P2Y 2 and P2Y 4 receptors were responsible for the effect (Kerstan et al. 1998; Matos et al. 2005) . Stimulation with UTP was previously shown to activate Ca 2+ -activated Cl − channels in airway epithelial cells (Rock et al. 2009 ) and a similar conclusion is supported in the present study based on activation of a CaCC inh AO1-sensitive anion current by UTP. Interestingly, NHBE cells differentiated in the absence of HC (HC0) do not exhibit a paxilline-sensitive current after UTP stimulation, displaying only an increase in CaCC inh AO1-sensitive I SC . Moreover, Fura2-AM measurements of [Ca 2+ ] i confirmed similar increases in cytoplasmic [Ca 2+ ] after UTP stimulation in control and HC0 epithelia. This result suggested that P2YR/G q -coupled Ca 2+ mobilization remains intact in HC0 epithelia even though a Ca 2+ -activated BK current was not detected.
We initially hypothesized that differential expression of β-and γ-subunits in control and HC0 epithelia could account for the observed differences in UTP-stimulated BK activation. HC0 epithelia expressed significantly fewer transcripts of BKα, β 4 and the γ-subunit LRRC26 compared to control as determined by qRT-PCR. However, Western blot analysis revealed detectable protein expression for each of the subunits, suggesting that a qualitative change in BK subunit-composition does not completely account for the lack of BK channel activity in HC0 epithelia.
Although UTP evoked a similar [Ca 2+ ] i increase in both control and HC0 conditions, our results did not eliminate the possibility of BK inhibition by Ca 2+ -independent purinergic receptor-stimulated signalling pathways. Numerous studies have demonstrated inhibitory effects of purinergic receptors on ion channels. In distal nephron, stimulation of P2Y 2 -receptors reduced ENaC activity by enhancing PIP 2 metabolism (Pochynyuk et al. 2008a,b) . Moreover, ATP stimulation inhibited KCNQ1 in dark cells of the inner ear, ROMK2 channels in the distal nephron, and BK activity in spermatogenetic cells (McNicholas et al. 1996; Marcus et al. 1997; Wu et al. 1998; Lu et al. 2000) . Additionally, co-expression experiments performed in Xenopus laevis oocytes revealed differential BK regulation by P2Y 2 R and P2Y 4 R (Hede et al. 2005) . Oocytes exposed to UTP expressing only P2Y 4 R led to increased BK current evoked by membrane depolarization, while oocytes expressing only P2Y 2 R displayed reduced BK current. Based on these findings, we investigated the hypothesis that differential expression of P2Y-receptors by control and HCO epithelia may be responsible for the differences in BK channel activation produced by UTP. Control and HC0 cells were shown to express similar amounts of P2Y 2 and P2Y 6 transcripts as determined by qRT-PCR. However, P2Y 4 R mRNA was only detected in control cells but not HC0 epithelia. Ussing chamber experiments suggested the existence of two distinct pools of P2Y-receptors coupled to BK activation in control epithelia. UTP is an agonist for both P2Y 2 and P2Y 4 receptors, while ATP activates P2Y 2 Rs but not P2Y 4 Rs. Cells stimulated with ATP-γ-S, a non-hydrolysable analogue of ATP, displayed a paxilline-sensitive decrease in I SC but could be further stimulated with UTP, suggesting the presence of non-activated UTP-sensitive, but not ATP-sensitive, P2Y-receptors. However, ATP-γ-S could not evoke additional current in epithelia previously stimulated by UTP. Nonetheless, UTP and ATP-γ-S had similar effects on BK activation, suggesting that selective activation of P2Y 2 R and P2Y 4 R does not differentially regulate BK in airway epithelia. Furthermore, UTP and ATP-γ-S had functionally similar effects on I SC in HC0 cells, which indicated that differential purinergic receptor activation could not account for the absence of BK currents observed in HC0 epithelia.
Curiously, UTP stimulation after exposure to ATP-γ-S resulted in an increase in I SC in HC0 cells, suggesting the presence of apical P2Y 4 receptors despite undetectable amounts of mRNA. Western blot analysis detected P2Y 2 and P2Y 4 protein expression in control and HC0 cells, confirming P2Y 4 expression in HC0 epithelia. It is worth noting that NHBE cells were exposed equally to HC during in vitro expansion and growth before differentiation. Therefore, it is likely that P2Y 4 R protein expressed during the first week of differentiation is subject to limited turnover in the apical membrane and consequently can be detected by Western blot in HC0 epithelia despite apparent regulation of P2RY4 transcription by HC (Bohme & Beck-Sickinger, 2009 ).
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To determine if BK channels expressed in HC0 epithelia were capable of being activated independently of P2Y receptor stimulation, we tested the effects of the small molecule BK opener NS11021, which has previously been shown to evoke a I SC response in airway epithelial cells (Bentzen et al. 2007) . Control epithelia exposed to NS11021 demonstrated a decrease in I SC consistent with previous reports. However, NS11021 alone had no effect on I SC in HC0 epithelia. However, addition of UTP after NS11021 produced a paxilline-sensitive decrease in I SC , demonstrating that BK channels can be activated in HC0 epithelia.
Posttranslational modification of BKα by phosphorylation is another well-studied regulator of BK activity. In the present study, control epithelia pretreated with the pan-specific PKC inhibitor GF109203x no longer displayed a UTP-stimulated, paxilline-sensitive decrease in current, but did show an increase in I SC following UTP exposure. A similar effect was observed with Gö6983, another pan-specific PKC inhibitor. These results established that PKC-dependent phosphorylation was necessary and permissive for BK activation following purinergic stimulation, although this effect may not require direct phosphorylation of BK channels. Further evidence in support of this point was the absence of BK activation by UTP in HC0 epithelia pretreated with PMA, an activator of PKC that has previously been shown to stimulate BK current (Zhu et al. 2009 ). Our finding that PMA was unable to potentiate paxilline-sensitive currents in control epithelia or activate BK in HC0 epithelia suggests that BK is already maximally phosphorylated by PKC.
Tissue-specific KCNMA1 splicing is another regulatory mechanism that can dramatically alter BK channel function. α-subunit splice-variants containing the 'STREX' (stress axis-regulated) exon have been shown to exhibit enhanced Ca 2+ sensitivity and PKA-mediated regulation (Tian et al. 2001) . In bovine chromaffin cells, for example, glucocorticoid exposure decreased STREX inclusion in BK channels (Lai & McCobb, 2002) . Additionally, both STREX and normal splice variants were observed in distal colonic enterocytes where a high K + diet preferentially up-regulated ZERO (normal, WT) splice variant BK (Sorensen et al. 2010) . In the present study, qRT-PCR confirmed increased expression of STREX containing KCNMA1 transcripts in HC0 epithelia. Functional BK channels contain four α-subunits that demonstrate cooperativity during activation (Sweet & Cox, 2008; Savalli et al. 2012) . Insertion of non-stimulatory PKA-inhibited α-subunits (STREX-KCNMA1) may reduce cooperativity and the conformational-changes required for channel activation by purinergic signalling. A previous study demonstrated BK channel inhibition by a single PKA-phosphorylated STREX subunit (Tian et al. 2004) . Therefore, it appears likely that increased expression of STREX-containing α-subunits in the absence of HC inhibits BK activation in HC0 epithelia.
Finally, we have previously demonstrated cilialocalization of important ion channels and receptors in differentiated NHBE cells (Zaidman et al. 2016) . In the present study, BKα and P2Y 2 receptors were shown to co-localize within the cilia while BKα, P2Y 2 , and P2Y 4 receptors co-localize at the apical membrane. This result suggests there are unique signalling regions at the apical border of airway surface cells that differentially harbour specific receptors and ion channels. During the progression of many airway diseases, the distribution and quantity of surface ciliated and secretory cells becomes unbalanced (Kim et al. 2008; Skold, 2010) . Loss of ciliated cells and an increase in mucin secreting cells, termed mucous or goblet cell metaplasia, is a common manifestation in asthma and COPD and would be expected to reduce MCC observed in large airway diseases.
The key findings of this study include the following: (1) HC is required for BK activation by purinergic receptor agonists, (2) HC reduces STREX exon insertion in KCNMA1, permitting PKC-dependent channel activation, (3) overlapping and unique purinergic signalling regions exist at the apical border of differentiated surface cells, and (4) BK channels localize in the cilia of surface cells. An overview of the differential response to purinoceptorstimulated BK activation in control and HC0 epithelia is summarized in Fig. 6 . Control and HC0 epithelia display a similar increase in [Ca 2+ ] i after exposure to UTP, which induces opening of Ca 2+ -activated chloride channels. However, HC0 epithelia exhibit no BK current after UTP stimulation, probably due to increased expression of STREX-variant KCNMA1, which is upregulated in the absence of HC. Previous work has demonstrated an inhibitory effect of STREX on BK channel activation (Tian et al. 2001; Erxleben et al. 2002; Petrik & Brenner, 2007) . A key mechanism responsible for channel inhibition was linked to PKA-dependent phosphorylation of specific cites residing within the STREX sequence (Tian et al. 2004) . In the present study, basal CFTR function would suggest that PKA is constitutively active at the apical membrane, which could lead to inhibition of STREX-variant BK channels expressed in HC0 epithelia. Additionally, STREX-variant BK channels have been shown to have altered responsiveness to PKC regulation . Therefore, altered PKC-dependent phosphorylation may have also contributed to the loss of BK activation in HC0 epithelia. The results presented here establish a previously unrecognized role of glucocorticoids in purinergic regulation of BK channels in airway epithelial cells.
